KEYWORDS: alginate, nanofibres, controlled biodegradation ABSTRACT: The broad utilization of electrospun scaffolds of sodium alginate in tissue engineering is strongly limited by their high solubility in aqueous environments and by the difficulty to adjust their degradation dynamics. Here, an alternative strategy to enhance the stability and to control the degradability of alginate nanofibres is described by treating them with trifluoroacetic acid for specific time intervals. It is demonstrated that by increasing the duration of the acid treatment procedure, lower degradation rate of the resulting fibres in buffer solutions can be achieved. Furthermore, the produced mats are free from cytotoxic compounds and highly biocompatible. The properties conferred to the alginate nanofibrous mats by the proposed method are extremely attractive in the production of innovative biomedical devices.
INTRODUCTION
The tendency to use natural polymers in the biomedical field has increased significantly in recent years 1 . Within this class of biomaterials, alginate, a polysaccharide derived from brown algae, exhibits excellent biocompatibility, low toxicity, non-immunogenicity, and relatively low cost 2 .
It finds applications in tissue engineering for skin 3 , nerve 4 , bone 5 , and cartilage regeneration 6 , and in drug delivery systems 7 . Depending on the different uses, a variety of sodium alginate (SA) structures, such as films 8 , particles 9 , sponges 10 , or fibres 11 , have been proposed. Among these, nanofibrous matrices, mainly produced by the electrospinning technique, are particularly attractive in regenerative medicine, because they mimic the organisation of the native tissue 12 , and possess high porosity for the transport of nutrients, and tuneable mechanical properties 13 .
The availability of nanofibrous scaffolds whose biodegradation rate can be modulated is of strategic importance in tissue engineering 14 . Due to the high water solubility of sodium alginate, the corresponding nanofibres are poorly stable in aqueous environments, and consequently their applicability in biomedical sectors is strongly limited. For this reason, different cross-linking approaches have been proposed 15 , including glutaraldehyde (GTA) 16 and divalent ions 17 .
However, some of these methods present drawbacks related to the generation of toxic byproducts during the degradation of the nanofibres in the body 18 , and to the morphological changes of the fibrous meshes under the cross-linking conditions. In particular, it has been demonstrated that GTA reduces the biocompatibility of the cross-linked materials, resulting in cytotoxicity and cell apoptosis 19 . On the other hand, the use of calcium ions for the cross-linking process of the SA nanofibres can affect the morphology of the mats, with the partial or complete loss of their network organisation 17d
. Most considerably, these cross-linking procedures hardly 3 succeed to control and adjust the degradation rate of the fibres, as required for the majority of tissue engineering applications 20 .
Here, we show a simple method to increase and fine adjust the stability of sodium alginate electrospun nanofibres in aqueous environments under physiological conditions. Continuous and uniform nanofibres were fabricated by blending alginate with polyethylene oxide (PEO). The latter is conventionally used to enhance the electro-spinnability of natural polymers, including alginate solutions 11, 21 . The chemical structure of the produced nanofibres was properly modified by acidification of carboxylate groups and formation of poly(alginic acid) using trifluoroacetic acid (TFA). We demonstrate that increasing the duration of the TFA treatment procedure from 3
to 24 h, the degradability of the treated nanofibres is extended from 7 to 14 days, while their morphology and network organisation remain intact. Moreover, biocompatibility assays proved that the treated scaffolds are non-cytotoxic and can promote cell attachment and proliferation, thanks to their nano-topography and high specific surface area that mimic the extracellular matrix environment. The combination of adjustable degradation and high biocompatibility makes the treated alginate mats promising as scaffolds for biomedical applications, particularly for wound healing where degradation rates of some days are required. After electrospinning, the alginate-based nanofibrous mats were mechanically removed from the aluminium collector, and soaked in TFA (99% pure) for different time intervals (3, 6, 12 , and 24 h), in closed containers without agitation and at room temperature. Subsequently, the samples were removed from the acid environment, and vacuum-dried. For sake of comparison, we treated the fibres also with other acids: acetic acid, formic acid and HCl. In particular, the fibrous mat was immersed for 3 h in acetic acid and formic acid, whereas the treatment with HCl at 37% lasted only few minutes due to the complete dissolution of the fibres. A basic solution (NaOH 0.1M) was instead used to solubilise the fibres after the TFA procedure.
EXPERIMENTAL METHODS

Materials and cell line
Characterisation of the electrospun mats
The morphology and the size distribution of the electrospun alginate-based fibres, before and after the TFA treatment, were analysed by scanning electron microscopy (SEM). A JEOL JSM-6490LA microscope working in high vacuum mode was used. Prior to observation, a thin film of gold (5 nm) was deposited onto the samples by ion sputtering. The SEM images were processed by ImageJ and Adobe Photoshop to measure the average diameter of the nanofibres (50 nanofibres were analysed) and the total surface area of the electrospun mats, respectively.
The chemical analysis of SA, PEO, and the SA/PEO nanofibrous mats, before and after the acid 
Degradation study
The in-vitro degradation of the samples was carried out in a phosphate buffered saline (PBS) solution at pH 7.4, in three replicates. All samples were placed individually in sealed bottles containing PBS and kept in a water bath at 37 °C. At time periods of 1 week, the PBS solutions were replaced with fresh ones. After 1, 4, 7, 10, and 14 days, the samples were removed from the PBS, washed thoroughly with distilled water, and then vacuum-dried to measure their weight loss. The weight loss percentage was calculated as follows 22 :
Percentage of weight loss = [(final weight -initial weight)/initial weight]×100
Biocompatibility study
Fibroblast cells (NIH/3T3-cells) were used to investigate the biocompatibility of the TFA treated alginate-based nanofibres. They were cultured in DMEM supplemented with 10% of BCS and 1% of antibiotics (100 U/mL penicillin and 0.1 mg/mL streptomycin) in an incubator at 37 °C with 5% CO 2 . The culture medium was replaced every 3 days. First, the nanofibrous scaffolds were sterilized under ultraviolet (UV) light for 30 min, and then washed using a PBS solution.
Before seeding the cells on the nanofibres, the fibroblasts were detached from the culture flask using trypsin/EDTA solution, when they were grown to nearly 80% confluence. As control, cells
were seeded at the same density on glass cover slips.
In order to determine the proliferation rate on the scaffolds, the cells were cultured for 5 days.
The percentage of adhered and proliferated cells was measured after 1, 3, and 5 days using a colorimetric MTT assay. Furthermore, the morphology of cells seeded for 1 day on the nanofibrous mats treated with TFA for 24 h was analysed. The samples were fixed in 3.7%
formaldehyde for 15 min before rinsing with PBS for 3 times. The samples were then permeabilised with 1% Triton X-100, and stained with alexa-fluor 647 phalloidin and DAPI for actin cytoskeleton and nucleus, respectively. Cell imaging was then carried out by the confocal microscope Nikon A1.
Statistical analysis
All the measured values were expressed as mean ± standard deviation (SD). The data were analyzed by the Student's t-test, and differences were considered significant at P < 0.05.
RESULTS
Fabrication of the alginate-based electrospun nanofibres
As shown in Figure 1A , we were able to electrospin alginate-based nanofibres that were free from beads and defects, and exhibited cylindrical shape and regular morphology, with an average diameter of (90 ± 20) nm. As expected, the as-prepared nanofibres were highly water soluble, and dissolved easily in water-based media or even in humid environments. In order to overcome this drawback and to improve the stability in water of the nanofibres, we developed a novel strategy based on the use of Trifluoroacetic acid. In particular, the SA/PEO electrospun mats were immersed in pure TFA for time periods ranging from 3 to 24 h. The acid procedure induced a chemical modification of the nanofibres' structure (as will be described in discussion) while maintaining their shape and network organisation (SEM analysis in Figure 1 ). From the comparison between the as-prepared (Fig. 1A ) and treated samples (Fig. 1B-1E ), it can be noted that the layers of fibres become more packed after soaking in the acidic medium. Consequently, after the treatment the total surface area of the mat occupied by the fibres (A fibres ) increased from 60% (untreated samples) to 75% (treated samples). After 3 or 6 h in TFA (Fig. 1B and 1C, respectively), A fibres was 75%, whereas it was about 80% when the treatment was extended up to 12 or 24 h ( Fig. 1D and 1E , respectively). The fibres' diameter slightly increased after the acid procedure, reaching a final value of around 100 nm after 24 h in TFA. Nevertheless, the pores of the treated electrospun mats were still open, without the presence of large flatten and unstructured regions. Therefore, the developed TFA treatment had a negligible effect on the morphology of the electrospun fibrous mats that maintained their mechanical flexibility, since they could be easily handled even after 24 h in TFA ( Figure 1F ).
Chemical characterisation of the fibres after the TFA treatment
The effect of the TFA process on the chemistry of the produced alginate-based nanofibres was analysed by ATR-FTIR and XPS. In Figure 2A , bands associated with polyethylene oxide and sodium alginate were easily distinguishable in the spectrum of the SA-PEO fibres. Absorption bands assigned to PEO were: CH 2 scissoring at 1466 cm , respectively, and the asymmetrical C-O-C stretching modes at 1029 cm -1 24 . Infrared spectra of pure components, PEO and SA, are shown in Figure   S1 . to 56%, and to an increment of the COO and OCO areas from around 2 to 15%. These changes in the chemical composition of the nanofibres can be related to the dissolution of PEO (rich in COC groups) by TFA, as previously discussed for the infrared analysis.
Degradability analysis of the fibrous scaffolds under physiological conditions
The degradation of the alginate nanofibres in an aqueous environment, before and after the TFA treatment, was studied by incubating the samples in PBS, and measuring their weight loss after different time intervals (Figure 4 ). As expected, the alginate fibres that were not exposed to TFA dissolved completely after 1 day. On the contrary, we observed a slower degradation for the TFA-treated samples, and we were able to adjust it by changing the duration of the acid treatment. For instance, the nanofibrous mats that were in TFA for 3 h exhibited a weight loss of 50% during the first day of PBS incubation, and a complete dissolution within 10 days. By increasing the duration of the TFA treatment up to 6 h, we measured a weight reduction of 37% after one day, and it exceeded 50% only after 7 days. Furthermore, the fibres were still resisting in the PBS medium for more than 10 days. When the TFA procedure was extended up to 12 and 24 h, the degradation time of the electrospun samples was of 14 days, with a high stability in the first 7 days (weight loss of around 43%).
SEM investigations of the treated fibrous scaffolds after immersion in the aqueous medium for one week confirmed the weight loss results ( Figure S3 ). After 3 ( Figure S3A ) or 6 h ( Figure   S3B ) of the TFA procedure, a marked deterioration of the electrospun mat was observed, even if open pores and fibrillar structures were still visible. Instead, most of the fibres were intact and preserved their morphology, when the TFA treatment was of 12 ( Figure S3C ) or 24 h ( Figure   S3D ).
Biocompatibility assays
The biocompatibility of the TFA-treated alginate nanofibres was evaluated using fibroblast cells as model. MTT assays after 1 ( Figure 5A ), 3 ( Figure 5B ) and 5 ( Figure 5C ) days of cell culture revealed that the treated fibrous scaffolds were highly biocompatible, without statistically 11 significant differences (P > 0.05) in the fibroblast viability for the analysed samples in comparison with the control (glass substrates). Therefore, cytotoxic compounds were not contained into or released from the electrospun mats. The MTT results were confirmed also by the morphological analysis of the cells. In Figure 5D and 5E, fluorescent micrographs of fibroblast cells cultured for 1 day on the alginate nanofibres (after 24 h in TFA) were reported. It is clearly visible that the cells were able to attach on the surface of nanofibres, assuming an elongated and flattened morphology ( Figure 5E ).
DISCUSSION
Here we propose a method to enhance the stability in water of electrospun alginate nanofibres, . On the other hand, the changes of the M/G ratio of the nanofibres could be caused by the different solubility of the homopolymer blocks of the alginic chains in the acid medium (higher for homopolymannuronic blocks and lower for homopolyguluronic blocks) 28 . Figure 6 shows a schematic representation of the role played by TFA on the chemical structure of the alginate fibres.
The nanofibres treated by TFA can be quickly solubilised by basic solutions (NaOH). The ATR-FTIR spectrum of the residues shows strong absorptions associated with carboxylate groups together with vibrations ascribed to -COOH functional groups interacting by H-bonds ( Figure   S4 ). This is an indication that in this way free carboxylic acid groups (typical of the polyalginic fibres) can be converted back to carboxylate groups (typical of pure alginate). Therefore, chemical changes on the alginate/polyalginic acid system can be induced by acid-base reactions.
Interestingly, we are able to control the biodegradation rate of the electrospun constructs by tuning the duration of the TFA treatment (from 3 to 24 h). In particular, the stability of the treated nanofibres in aqueous media is directly related to the amount of poly(alginic acid) 13 produced during the TFA process. In fact, it is well known that alginic acid is insoluble in water 29 and it has low water sorption 29b, 30 . As shown in Figure 2B , the ratio  COOH / aC-O-C , which can be considered an indication of the presence of alginic acid in the nanofibres, is maximised for 12 or 24 h of acid treatment. Indeed, the electrospun mats treated for 12 or 24 h with TFA are stable in water for 14 days, differently from the other samples that degrade in 10 days or less. Hence, the stability of the nanofibres in aqueous environments increases with the time of the treatment in TFA. A direct comparison between our method and others proposed to cross-link alginate nanofibres shows that in the first case the degradation of the scaffolds in aqueous solutions is much better controlled. For instance, SA fibres cross-linked by Ca ions can lose more than 60%
of their weight after 1 day in normal saline solutions 31 and deionized water 20 , whereas in our case the loss can be reduced to 35%.
A main aspect to point out is that the morphology of the nanofibres and their network organisation is preserved during the acid treatment, overcoming one of the main limitations of other approaches that have been proposed to cross-link sodium alginate nanofibres 17d . In our case, after the treatment, changes in the size of the elecrospun fibres are negligible, and the interconnected porosity and the high exposed surface area is maintained (Figure 1 As demonstrated by other studies, the availability of scaffolds constituted by nanometric fibres is of particular interest in regenerative medicine because it positively affects the growth of cells 33 .
Furthermore, the produced alginate scaffolds treated by TFA are free from cytotoxic chemicals and possess structural properties that can promote the attachment and proliferation of fibroblast Studies on Ca-alginate wound dressings have also shown cytopathic effects on both fibroblasts and epidermal cells, due to the release of Ca ions 36 . Therefore, the use of the TFA treatment guarantees both enhanced stability and biocompatibility of the alginate structures.
CONCLUSIONS
In this work, we propose the use of trifluoroacetic acid to tune the biodegradation properties of electrospun alginate nanofibres. Chemical analysis revealed that TFA mainly acted to protonate the carboxylate groups of sodium alginate, forming water insoluble poly(alginic acid). Therefore, the resulting nanofibres exhibited an enhanced stability in aqueous environment compared to the initial sodium alginate ones. We observed that by changing the time duration of the TFA-alginate reaction, we modify the biodegradation rate of the fibres. In particular, the fibres treated for 3 h with TFA degraded in less than 10 days; instead their degradation was extended up to 14 days by using a TFA procedure that lasted 12 or 24 h. In all the cases, the topography of the electrospun mats was preserved. The availability of a procedure able to control the biodegradability of electrospun alginate meshes under physiological condition is attractive for the development of biomedical devices to be used in regenerative medicine and drug delivery.
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